Abstract-Room-temperature ionic liquids (ILs) are being promoted as environmentally friendly alternatives to volatile organic solvents currently used by industry. Because ILs are novel and not yet in widespread use, their potential impact on aquatic organisms is unclear. We studied the effects of several ILs on the survivorship and behavior (movement and feeding rates) of the freshwater pulmonate snail, Physa acuta. Median lethal concentrations (LC50s) of ILs with imidazolium-and pyridinium-based cations and Br Ϫ and as anions ranged from 1 to 325 mg/L. Toxicity was greatest for ILs with eight-carbon alkyl chains attached to both Ϫ PF 6 imidazolium and pyridinium rings and declined with shorter alkyl chains, indicating a positive relationship between alkyl chain length and toxicity. Compared to controls, snails moved more slowly when exposed to butyl-and hexyl-cation ILs at 1 to 3% of LC50 concentrations but were not affected at higher IL concentrations (4-10% of LC50), which is characteristic of U-shaped doseresponse curves. Snail movement was not affected by ILs with octyl alkyl groups. Grazing patterns, however, indicated that snails grazed less at higher IL concentrations. Physa acuta egestion rates were reduced in the presence of ILs at 3 to 10% of LC50 concentrations. Thus, nonlethal IL concentrations affected P. acuta behaviors, potentially impacting individual fitness and food web interactions. These results provide initial information needed to assess the potential hazards of ILs should they reach freshwater ecosystems.
INTRODUCTION
Organic solvents are critical for nearly all types of chemical reactions used in manufacturing, processing, and cleaning by industry and individual consumers [1] . Most solvents pose a danger to humans and the environment because of their volatility [2] . Volatile solvents evaporate into the atmosphere as fugitive emissions and contribute to smog formation, ozone depletion, and global climate change [2, 3] . Solvents also pose dangers to humans through inhalation and the risk of explosion related to low flash points [3] . Recent efforts to develop commercially feasible alternatives to volatile solvents have led to a surge of research concerning room-temperature ionic liquids (ILs) [1, 4] .
Room-temperature ILs are a new category of nonvolatile compounds that are being developed to replace organic solvents [1] . Ionic liquids are liquid organic salts at ambient temperatures and possess useful solvent properties for a range of chemical reactions currently being catalyzed by volatile organic solvents [1, 5] . Thus, by replacing volatile organic solvents with ILs, industry may be able to reduce air pollution. However, the potential impacts of ILs on aquatic organisms and ecosystems are largely unknown.
Many ILs are water soluble and easily transported by water flow, and they may pose environmental risks to aquatic plants and animals should they reach aquatic ecosystems. Whereas ILs are not currently found in aquatic ecosystems, increased use of these compounds in large quantities may lead to accidental discharge and contamination. Ionic liquids may affect individual behaviors, organism survivorship, population vital rates, community structure or function, and biogeochemical processes. Organism survivorship bioassays provide chemical * To whom correspondence may be addressed (rbernot@nd.edu).
toxicity metrics (e.g., median lethal concentration [LC50] ) that can be compared across a range of organisms and toxicants but may have little ecological meaning [6] . Studies that couple acute toxicity of a chemical to more ecologically relevant processes, including animal behaviors, provide valuable insight regarding the potential impacts of a chemical on real ecological systems [6] . For example, toxicants may affect the physiology [7] , life history [8] , morphology [9] , and behavior [10] of aquatic organisms at sublethal concentrations. Subtle toxicant effects can ramify through populations, communities, and ecosystems [11] . Recent studies have investigated the effects of ILs on enzyme activity [12] , mammalian cell lines [13] , survivorship of the marine bacterium Vibrio fischeri [13] , and survivorship and life history of the freshwater crustacean Daphnia magna [14, 15] . To our knowledge, however, IL toxicity to other taxa remains unexplored, and sublethal IL effects on animal behaviors have not yet been studied.
Other toxicants can alter critical feeding and antipredator behaviors of aquatic taxa, including crustaceans [16] , snails [10, 17] , amphibians [18] , and fish [19] . For example, freshwater snails in lakes polluted with heavy metals failed to exhibit antipredator behaviors [10] . Chemical effects on organism behavior can provide insight regarding physiological effects, because behaviors often represent the physical manifestation of all the physiological and biochemical responses of an animal to its environments [20] .
In the present study, we investigated the effects of several classes of ILs on the survival, locomotor behavior, and feeding behavior of a common freshwater pulmonate snail (Physa acuta). Because ILs are not yet in the environment, we are preemptively studying IL levels that may affect snails. Our objectives were to determine the acute toxicity of imidazoliumand pyridinium-based ILs to snails; whether cation structure, particularly alkyl chain length, influences IL toxicity; and the effects of imidazolium-and pyridinium-based ILs on snail movement and grazing rates. We determined acute toxicity of ILs on snail survival (96-h LC50) using static-exposure bioassays. We studied sublethal IL effects on snail behaviors with individual snail movement and grazing trials.
MATERIALS AND METHODS

Test organism
Physa acuta (synonymous with P. integra and P. heterostropha [21] ) is a common pulmonate snail that inhabits streams, ponds, and lakes throughout North America [22] . Physa used in bioassays were obtained from batch cultures of offspring collected from St. Mary's Lake on the campus of the University of Notre Dame (Notre Dame, IN, USA). Snails were maintained in groundwater-filled aquaria at 20 Ϯ 2ЊC and a 16:8-h light:dark photoperiod. Snails were fed mixtures of boiled spinach and commercial algae wafers (Hikari, Hayward, CA, USA) ad libitum.
Test chemicals
Ionic liquids are salts composed of an organic cation and any of a variety of anions that have melting points of less than 100ЊC. We studied the acute toxicity of four classes of ILs to Physa: Imidazolium-based ILs, pyridinium-based ILs, a quaternary ammonium salt, and a quaternary phosphonium salt. The imidazolium-based ILs consisted of an imidazolium cation with various alkyl chain substituents (Fig. 1A) of a pyridinium cation with various alkyl chain substituents (Fig. 1B) and Br Ϫ as the anion. Quaternary salts were tetrabutyl ammonium (Fig. 1C ) and tetrabutyl phophonium (Fig. 1D) cations that both had Br Ϫ anions. We focused on the potential relationship between substituent alkyl chain length and IL toxicity, because the results of previous work suggested that toxicity varied with chain length (i.e., number of carbons) [14] . Alkyl chains on both imidazolium and pyridinium cations consisted either of a four-carbon butyl group, a six-carbon hexyl group, or an eight-carbon octyl group. The IL cations used in the present study were 1-butyl-3-methyl imidazolium (bmim), 1-hexyl-3-methyl imidazolium (hmim), 1-octyl-3-methyl imidazolium (omim), 1-butyl-3-methyl pyridinium (bmp), 1-hexyl-3-methyl pyridinium (hmp), 1-octyl-3-methyl pyridinium (omp), tetrabutyl ammonium, and tetrabutyl phosphonium. Imidazolium-and pyridinium-based ILs used in the present experiments were synthesized in the Department of Chemical and Biomolecular Engineering at the University of Notre Dame. Quaternary ammonium and quaternary phosphonium salts were obtained commercially (Sigma-Aldrich, St. Louis, MO, USA).
Acute toxicity
The IL exposure bioassays were conducted as 96-h static acute tests using Physa juveniles (shell length, Ͻ9 mm) from cultures. Ten snails were placed in each of 30 flasks (200 ml), with five replicates for each of six treatment concentrations (groundwater control plus five nominal IL concentrations). The number of living and dead Physa was recorded every 24 h after initial exposure for 96 h. Snails that did not respond to a gentle prodding with forceps were considered to be dead. More than 90% of snails that we characterized as dead were detached from the flask wall and exhibited signs of tissue decomposition. Those snails that were characterized as dead but remained attached to the flask wall were gently knocked from the wall and observed for any movements. Each bioassay was conducted at 20 Ϯ 2ЊC in the laboratory with a 16:8-h light:dark photoperiod. The IL experimental concentrations were based on preliminary range-finding tests of acute toxicity using concentrations from 0.1 to 1,000 mg/L. The LC50 values and associated 95% confidence intervals (CIs) were obtained by fitting dose-response curves to a normal model using the maximum likelihood method [23] . All analyses were performed using SAS Version 8.02 statistical software (SAS, Cary, NC, USA).
IL effects on Physa movement rates
The effects of imidazolium-and pyridinium-based ILs with varying alkyl chain length on Physa locomotor behavior were studied in individual movement experiments. Each IL experiment consisted of a set of individual movement trials that compared the effects of various concentrations of each respective IL. Trials were performed with one snail placed in a clear glass aquarium (30.8 ϫ 15.7 ϫ 20.6 cm) with 1-ϫ 1-cm square grids superimposed on the bottom and two adjacent sides. The aquarium was acid-washed and rinsed before each set of trials.
Five concentrations of each IL (ranging from 1 to 10% of the LC50 values determined from acute toxicity bioassays) and a groundwater control were used in each experiment. The IL solutions were made daily before the trials from a 1,000 mg/L stock solution diluted with groundwater and kept at room temperature (20-22ЊC) . Physa (shell length, 5-11 mm) were used in each experiment. Five trials per concentration were performed (60 total trials for each IL experiment). We randomly determined both the concentrations to test and the order of testing before each set of trials.
Treatment solutions (500 ml) were poured into the aquarium. Each snail was measured and gently agitated for 5 s, if necessary, so that it would sink to the bottom of the aquarium. Using forceps, the snail was placed with the aperture down in a random orientation on the bottom of the aquarium directly above the center square. We started timing when the snail was released and the forceps had been removed from the liquid. The snail was given 10 s to become acclimated, after which we recorded the number of grid lines that the snail crossed every minute for the next 2 min. The 10-s acclimation period a Values in parentheses are 95% confidence intervals. bmim ϭ 1-butyl-3-methyl imidazolium; bmp ϭ 1-butyl-3-methyl pyridinium; hmim ϭ 1-hexyl-3-methyl imidazolium; hmp ϭ 1-hexyl-3-methyl pyridinium; omim ϭ 1-octyl-3-methyl imidazolium; omp ϭ 1-octyl-3-methyl pyridinium.
was included as part of the first minute, but any grid lines crossed during this time were not counted. The snail was recorded as having crossed a grid line if more than 50% of its body had transversed the line. The effects of ILs on Physa movement rates were analyzed with one-way analysis of variance. Differences between treatment concentrations were assessed with Tukey's multiple-comparison test (␣ ϭ 0.05).
IL effects on Physa grazing rates
We estimated the effects of imidazolium-and pyridiniumbased ILs on Physa grazing rates by measuring feces egestion rates in 250-ml beakers in the laboratory. We used egestion rate as a surrogate for grazing rate, because it is simpler to measure than the direct grazing measurements (e.g., 14 C uptake and incorporation) but is correlated with direct Physa grazing rates [24] .
Snails were starved for 24 h before each grazing experiment by placing 30 individual Physa from cultures (shell length, 10-15 mm) into 100 ml of filtered groundwater without food. Snails were then placed in individual beakers with 100 ml of treatment solution and 1 g of boiled spinach. Five concentrations of each IL (ranging from 1 to 10% of the LC50 values) and a groundwater control were used in each experiment. After 24 h, fecal strings were pipetted out with micropipettes, filtered onto preweighed filter paper, dried (60ЊC for 24 h), and weighed to the nearest milligram. Snails were blotted dry and weighed to the nearest milligram. Egestion rates were calculated as the amount of feces produced (mg) divided by the mass of each snail (g) per hour. The effects of each IL on Physa egestion rates were analyzed with one-way analysis of variance. Differences between treatment concentrations were detected with Tukey's multiple-comparison test (␣ ϭ 0.05).
RESULTS
Acute toxicity
The most toxic IL to Physa in the present study was [omp]Br (LC50, 1.0 mg/L), and the least toxic was tetrabutyl ammonium Br (LC50, 580.2 mg/L) ( Table 1 ). The ILs with eight-carbon (octyl) alkyl chains were more toxic than the ILs with six-carbon (hexyl) or four-carbon (butyl) substituents, regardless of the cation studied. Neither cation type (imidazolium vs pyridinium) was consistently more toxic than the other. (Fig. 2) .
The ILs with butyl-and hexyl-imidazolium cations affected Physa movement rates similarly, resulting in U-shaped doseresponse curves (Fig. 2) . Snail movement was significantly affected by [ The ILs with butyl-and hexyl-pyridinium cations affected Physa movement similarly, also resulting in U-shaped doseresponse curves (Fig. 2) . Snail movement was significantly slowed when exposed to 
IL effects on Physa grazing rates
Physa grazing rates, as estimated by egestion, ranged from 1.02 to 2.28 mg feces/g snail/h when exposed only to groundwater. Nonlethal concentrations of ILs with butyl-, hexyl-, or octyl-imidazolium cations significantly reduced Physa egestion rates. Snail egestion rates were affected by [bmim]Br (F 5,24 ϭ 7.95, p Ͻ 0.01) ( octyl-pyridinium cations also significantly reduced Physa grazing rates as estimated by egestion (Fig. 3) . Physa egestion rates were affected by 
DISCUSSION
The present study represents, to our knowledge, the first toxicological tests of ILs not only on freshwater snails but likely on any benthic grazer. In general, IL toxicity to Physa was related to alkyl chain length. The ILs with eight-carbon substituents were more toxic than those with six-and fourcarbon substituents. Toxicity did not consistently depend on whether the IL cation was imidazolium-or pyridinium-based. The U-shaped dose-response curves for snail movement were found at low concentrations of butyl-and hexyl-imidazolium and pyridinium cations but not octyl cations. Sublethal concentrations of imidazolium-and pyridinium-based ILs also reduced snail-grazing rates as measured by egestion.
Acute toxicity (i.e., LC50) occurred at IL concentrations comparable to those of chemicals commonly used in manufacturing and disinfection ( Table 2 ). The ILs with octyl-chain cations were as toxic as pentachlorophenol and ammonia, but the toxicities of butyl-and hexyl-chain ILs were similar to those of methylbenzene and phenol. Thus, for aquatic organisms, many of these chemicals may be as toxic as, or more toxic than, volatile organic solvents currently in use.
The ILs used in the present study have relatively low octanol-water partition coefficients (K ow ) [25] compared to those of chemicals that bioaccumulate in organism tissues. Within the low range of IL K ow values, however, the ILs with longer alkyl chains generally are more lipophilic than those with Fig. 3 . Egestion rates of Physa acuta (mean Ϯ standard error) exposed to different concentrations of imidazolium-and pyridinium-based ionic liquid. Different letters represent significant differences between treatment concentrations within each experiment (Tukey's multiple-comparison test, ␣ ϭ 0.05). bmim ϭ 1-butyl-3-methylimidazolium; bmp ϭ 1-butyl-3-methylpyridinium; hmim ϭ 1-hexyl-3-methylimidazolium; hmp ϭ 1-hexyl-3-methylpyridinium; omim ϭ 1-octyl-3-methylimidazolium; omp ϭ 1-octyl-3-methylpyridinium. shorter alkyl chains [26] . The K ow values have been used to predict the toxicity of pesticides and hydrophobic pollutants, but they have been less useful for predicting the environmental effects of surfactants [27] . Many ILs are similar to cationic surfactants [28] that induce polar narcosis [29] because of their interfacial properties (i.e., the relative ease at which a compound is incorporated into a membrane) [30] . Thus, longer alkyl chains may be incorporated into the polar headgroups of the phospholipid bilayer, which are the major structural components of biological membranes [31] . Narcosis then results, because membrane-bound proteins are disrupted by the toxicant. The alkyl chain-toxicity relationship observed in the present study also was found in other aquatic organisms (e.g., bacteria, Daphnia sp., and minnow larvae; unpublished data), suggesting that the toxicant mode of action is not speciesspecific. Stock et al. [12] found a similar relationship between IL alkyl chain length and acetylcholinesterase inhibition as a measure of enzyme-level toxicity.
Nonlinear dose-response relationships are relatively common in behavioral ecotoxicology (e.g., [32] [33] [34] ). The U-shaped dose-response relationships often are paradoxical and unlikely to be explained by one common mechanism among organisms [32, 35] . The present results suggest a threshold concentration for each IL. At low concentrations, the IL may suppress snail movement, but concentrations above this threshold level trigger an escape response, causing the organism to search for clean water or some other refuge from the toxicant. Evidence that snail-grazing rates were reduced at higher IL concentrations despite no reduction in movement rates supports the notion that snails were moving to escape the toxicant.
In a related study, Roses et al. [17] studied changes in searching behavior of P. acuta as a measure of the effects of the herbicide atrazine. Snails exposed to atrazine significantly increased their searching velocity to levels similar to those measured in the present study (ϳ3.2 cm/min for control and 6.2 cm/min when exposed to 15 g/L of atrazine). However, Roses et al. attributed this change to the effect of atrazine on periphyton (i.e., attached algae) in the experimental arena rath-er than to direct effects of atrazine on snail behavior. Our shortterm tests did not include food resources, and it is unlikely that food-resource or hunger level confounded our movement observations. Impairment of critical behaviors, such as predator avoidance, foraging and feeding, and locomotion, can reduce the fitness of aquatic animals [36] . Physa spp. are key members of freshwater food webs, because they graze algae and are themselves important prey for fish and invertebrate predators [37, 38] . Alterations of Physa habitat use and behavior can affect species composition, standing crop, and productivity of attached algae [39] . Changes to locomotion induced by toxicants can make individual snails more or less susceptible to predation. Thus, IL-induced changes in Physa behavior may have large indirect effects on freshwater food webs [38, 40] .
Currently, ILs are being studied intensively for their practical industrial applications [4] and being portrayed as environmentally friendly chemicals because of their low volatility and the resulting improvements to emissions compared to industrial solvents. However, the present study indicates that some ILs may pose significant threats to freshwater snails. Our results also suggest that behavioral effects should be considered in the overall evaluation of the toxicity and potential impact of toxicants, including ILs, on the aquatic environment.
